Mycosporine-2-glycine is the major mycosporine-like amino acid in a unicellular cyanobacterium (Euhalothece sp.) isolated from a gypsum crust in a hypersaline saltern pond 
Introduction
Mycosporine-like amino acids (MAAs) are a family of water-soluble compounds characterized by a cyclohexenone or cyclohexenimine chromophore conjugated with one or two amino acids. MAAs show strong absorption in the UV region of the spectrum, displaying narrow absorption bands with maxima between 310 and 365 nm. They are present intracellularly in many marine and freshwater micro-and macroalgae [1, 2] . They were found as well in many marine invertebrates, and in the eyes, skin and reproductive tissues of some ¢shes [1] . The role of MAAs in the protection against UV-induced damage has been demonstrated in a number of studies [3, 4] .
The occurrence of MAAs has been documented in a number of cyanobacterial benthic communities [5^7] and in various cyanobacterial isolates [8^11] . With very few exceptions, the structure of the MAAs occurring in cyanobacteria has not been elucidated (see Section 3) .
MAA-producing cyanobacteria are abundant in hypersaline environments. Garcia-Pichel et al. [12] examined the morphology, physiology and 16S rRNA gene sequences of 13 MAA-containing strains of unicellular halophilic cyanobacteria. These strains shared a common complement of MAAs. Sequence similarity analysis placed the strains in a monophyletic cluster, named the Halothece cluster, with two subclusters^the Euhalothece cluster and a single deep-branching isolate.
Very high concentrations of two putative MAAs were detected in a community of unicellular cyanobacteria inhabiting the upper layer of a gypsum crust developing on the bottom of a hypersaline saltern pond in Eilat, Israel [13, 14] . This crust was found below a shallow (10^20 cm) layer of brine with a total dissolved salt content of 286 g l 31 . The two substances were separated by high performance liquid chromatography (HPLC) and showed maximum optical density at about 331 and 362 nm, respectively.
We report here the isolation of the dominant cyanobacterium present in this gypsum crust. The isolate produces two MAAs with absorption spectra and chromatographic properties identical with those of the MAAs present in the crust. We have puri¢ed the two compounds and have identi¢ed the compound absorbing at 331 nm as mycosporine-2-glycine.
Materials and methods

Isolation and partial characterization of the
Euhalothece sp. from the Eilat gypsum crust
The unicellular cyanobacterium dominant in the upper layer of the gypsum crust was isolated by streak plating on a medium developed for Aphanothece halophytica [15] . This medium contained 1 M NaCl, 2 mM NaHCO 3 , other salts as described, and 2% agar, pH 7.8. Illumination was provided by vertical banks of cool-white £uorescent tubes (photon £uence rate of 50 Wmol m 32 s 31 ). The isolate (designated strain LK-1) was kept as a unialgal culture in liquid medium of the same composition, the NaHCO 3 concentration being lowered to 1 mM. The biovolume of contaminating bacteria was always lower than 0.5% of the cyanobacterial biovolume, and in most cases lower than 0.2%.
A partial sequence of the 16S rRNA gene was determined following PCR ampli¢cation using primers CYA359F-GC (5P-CGCCCGCCGCGCCCCGCGCCCG-TCCCGCCGCCCCCGCCCGGGGGAATYTTCCGCA-ATGGG-3P) and CYA781R (5P-GACTACWGGGGTAT-CTTATCCCWTT-3P). The PCR product was sequenced using the CYA781R primer, and aligned with the sequences in the Blast database.
MAA extraction and puri¢cation
Strain LK-1 was grown in 0.8-l portions of medium as above in 2-l glass Erlenmeyer £asks for 1 week on the roof of the Institute of Life Sciences, Hebrew University of Jerusalem. Noontime photon £uence was about 1800 Wmol m 32 s 31 , and the temperature of the culture was about 35 ‡C at noon. These conditions ensured a maximal induction of MAAs production. Cells from 10 l of culture were harvested by centrifugation (10 min, 6000Ug), and pellets were extracted for 2 h in 20% methanol at 45 ‡C. The extracts were brought to dryness in a Savant SpeedVac concentrator. The residue was then extracted with 100% methanol, leaving most of the salts behind. The extract was dried, resuspended in water, and centrifuged through a Centricon YM-10 centrifugal ¢lter device (Millipore) with a 10 000 molecular mass cut-o¡ in order to remove large molecules.
MAAs were separated and puri¢ed by HPLC based on the protocols given by Oren [13] and Nakamura et al. [16] . Hundred-Wl aliquots of extract (OD 331 of about 40) were injected into a Merck-Hitachi HPLC setup, provided with a reversed-phase semi-preparative column (Supelcosil SPLC-8; 5 Wm pore size, 250U10 mm) protected with a guard column (Supelcosil SPLC-8; 5 Wm pore size, 20U4.6 mm). The samples were eluted with 0.1% acetic acid in water at a £ow rate of 2 ml min 31 . MAAs were detected using a Merck-Hitachi L-4200 UV-visible detector set at 345 nm, operated in series with a Bar Spec (Rehovot, Israel) Chrom-A-Set 500 spectral analyzer, recording the absorption spectrum in the range 190^370 nm. The two fractions showing UV absorbance were manually collected at the out£ow from the detector cell. Collected fractions were evaporated in a Speed-Vac evaporator, and puri¢ed once more by preparative HPLC separation.
Structure elucidation of MAAs
1 H-and 13 C-nuclear magnetic resonance (NMR) spectra were recorded with a Bruker ARX 500 spectrometer in D 2 O+0.01% dioxane. Long range (double and triple bond) CH correlations were measured by an HMBC experiment.
1 J CH was established by an HMQC experiment. Fast atom bombardment mass spectra with DTT/DTE matrix were recorded in a Fisons Autospec-Q mass spectrometer.
To assess the nature of the amino acid side chain(s), 0.5 mg puri¢ed material was subjected to acid hydrolysis for 20 h at 110 ‡C in a Knauer protein hydrolyzer. The hydrolysates were analyzed by HPLC, following precolumn derivatization with £uorenylmethyloxycarbonylchloride [17] , using a Merck-Hitachi HPLC setup including an RP8 Supersphere 60 Lichrocart 125-4 column, and a £uores-cence detector.
Results and discussion
A unicellular cyanobacterial strain was isolated from the upper layer of the Eilat gypsum crust. Cells of this strain, designated LK-1, are 6^7 Wm wide and 12^15 Wm long, and resemble in their morphology the dominant component of the cyanobacterial community in the top layer of the gypsum crust [13, 14] . Analysis of a partial sequence (377 bp) of the 16S rRNA gene revealed that strain LK-1 belongs to the Euhalothece cluster de¢ned by GarciaPichel et al. [12] . The sequence obtained (deposited as AF459426) di¡ered by only one base from the corresponding sequence of Euhalothece sp. MPI 95AH13 (AJ000710), which had been isolated from the same environment [12] .
Strain LK-1 accumulated UV-absorbing compounds. A compound with peak optical density at 331 nm was present constitutively, also when grown at low light intensities (50 Wmol m 32 s 31 photosynthetically active radiation (PAR)). Under high light intensities (300 Wmol m 32 s
31
PAR and higher) a second compound was induced with peak optical density at 362 nm. The absorption spectrum of high light grown cells resembled that of extracts of the natural community in the gypsum crust [13] .
UV-absorbing compounds were extracted from cultures grown in full daylight, and separated by HPLC. Two compounds were detected, one eluting after 8 min and the other after 12 min (Fig. 1) . HPLC elution patterns were identical with those obtained with material extracted from ¢eld samples. The collected quantity of the second compound, absorbing maximally at 362 nm, was insu⁄cient for further experimentation, but the ¢rst compound, absorbing at 331 nm, was obtained in su⁄cient amounts (13 mg) to enable structure elucidation. The dried material was a white amorphous solid. Analysis of amino acids following acid hydrolysis yielded glycine as the sole amino acid. Glycine was also found to be the sole amino acid released from the partially puri¢ed MAA with peak optical density at 331 nm extracted from the upper layer of the gypsum crust. The mass spectrum established a molecular mass of 302 Da, according to the MH þ peak at m/z 303. The NMR data (Table 1) clearly pointed to a symmetric compound: only eight carbon and two four-proton (2UH 2 -4(6) and 2UH 2 -9) resonances were observed. Characteristic in the NMR spectra were the OCH 3 , NHCH 2 CO 2 H and C(OH)CH 2 OH groups. The long range CH correlations (Table 1 , HMBC correlations) are in full agreement with the suggested mycosporine-2-glycine structure (Fig. 2) .
Mycosporine-2-glycine was ¢rst described from the sea anemone Anthopleura elegantissima [18] . Identi¢cation was based on the ¢nding of glycine upon alkaline hydrolysis in a molar yield approximately twice that obtained with mycosporine-glycine, on the absorption maximum of 331 nm which indicates an N-substituted iminomycosporine, and on the molecular mass obtained by positive ion electrospray mass spectrometry. The presence of mycosporine-2-glycine has also been reported from the spawn of the sea hare Aplysia dactylomela [19] , from the green sea urchin Strongylocentrotus droebachiensis ovaries and larvae [3, 20] and from the centric diatom Corethron criophilum [21] . To our knowledge the present study gives the ¢rst description of the presence of mycosporine-2-glycine in cyanobacteria, and the ¢rst report of NMR data of this compound.
MAAs identi¢ed thus far in cyanobacteria include 3 J CH correlations can be seen between H-4(6) and C-6(4). Fig. 2 . The structural formula of mycosporine-2-glycine.
shinorine (OD max = 334 nm) and mycosporine-glycine (OD max = 310 nm), reported from Chlorogloeopsis PCC 6912 on the basis of co-chromatography with known standards [10] . Shinorine was also found in Anabaena sp. [11] and Scytonema sp. [22] , and mycosporine-glycine was present in cyanobacterial lichens [23] . Epilithic cyanobacteria from a freshwater lake produced asterina-330, shinorine, palythinol (OD max = 332 nm), mycosporine-glycine, and two unidenti¢ed compounds with maximal optical density at 330 and 340 nm [7] . Four di¡erent MAAs were detected in members of the halophilic ¢la-mentous genus Microcoleus : shinorine was identi¢ed on the basis of co-chromatography with a standard, and the other three compounds (absorption maxima at 332, 344 and 346 nm) are still unknown [24] . Another type of cyanobacterial MAA characterized in part is the glycosylated MAA present in Nostoc commune. This compound is not dissolved in the cytoplasm, but deposited extracellularly in the sheath [25] . Except for the last-named compound, which was characterized using di¡erent chemical and spectroscopic techniques, all other identi¢cations of cyanobacterial MAAs have been based on comparison with reported UV-absorption maxima, HPLC retention times and/or co-chromatography with standards. In a study of the Halothece cluster, Garcia-Pichel et al. [12] identi¢ed the main MAA, present in all 13 strains, as shinorine on the basis of spectroscopic matching and co-chromatography with a set of primary standards. A second MAA absorbing at 360^365 nm was present as well. We did not observe shinorine in our Halothece-like isolate. The second MAA compound present in strain LK-1, absorbing at 362 nm, has a molecular mass of 330 Da, based on mass spectrometry results. A full chemical characterization of this pigment is in progress.
